INTRODUCTION
============

Precise control of chirality during single-walled carbon nanotube (SWCNT) growth is crucial for applications in electronics, sensors, and devices ([@R1]). By means of controlling the carbon decomposition and developing catalysts, tangible progress has been achieved in the past two decades in chirality-selective synthesis of SWCNTs by chemical vapor deposition (CVD) ([@R2]--[@R11]). Although great experimental and theoretical efforts have been dedicated to the exploration of the SWCNT growth mechanism ([@R12]--[@R22]), our understanding on SWCNT's growth remains very limited, and rational experimental design for chirality-selective growth of SWCNTs is still scarce ([@R9]--[@R11]).

In general, the chirality distribution of the final SWCNT product is an interplay between the thermodynamics and kinetics of SWCNT growth ([@R11]). To address the growth kinetics, Ding *et al.* ([@R22]) proposed a screw dislocation model, in which the number of active sites at the interface between a SWCNT and the catalyst determines the SWCNT growth rate. Artyukhov *et al.* ([@R23]) later augmented the model by including the kinks created by thermal fluctuations on zigzag and armchair edges. Although the key conclusion of the dislocation theory, that the SWCNT growth rate is proportional to the number of active sites on the rim of the SWCNT, has been confirmed by many experimental observations ([@R2], [@R3], [@R20]) and applied to interpret the predominant growth of (*n*, *n* − 1) SWCNTs, there are some contradictory reports ([@R24], [@R25]). For example, it was confirmed by Raman spectroscopy ([@R26]) and transmission electron microscopy (TEM) ([@R25]) that the length of a SWCNT and its chiral angle have no correlations in some CVD experiments. To validate the screw dislocation theory, a precondition that SWCNT growth is limited by carbon atom incorporation into the SWCNT rim must be satisfied ([@R27]). Unfortunately, how to meet the conditions remains an uncharted territory, and a general model to describe the SWCNT growth kinetics, especially for those grown on recently thriving solid catalysts ([@R9], [@R11]), is still pending.

In this present work, we propose a more comprehensive model for SWCNT growth kinetics, where the carbon concentration on a solid catalyst surface is balanced by the rate of precursor deposition, the rate of elimination by etching agents, and the rate of carbon incorporation into the active sites of the SWCNT. As a specific case of this general model, the screw dislocation theory is valid only when there is sufficient carbon etching agent during SWCNT growth. When there is limited etching agent, SWCNT growth is governed by the ratio of the exposed catalyst surface area to the tube diameter, as also verified by in situ environmental TEM (ETEM) characterizations. In such a regime, precise control of the concentration of the etching agent gradually deactivates the growth of SWCNTs with fewer active sites and allows only the growth of (2*n*, *n*) SWCNTs with the most active sites.

RESULTS
=======

Theoretical model
-----------------

During catalytic CVD growth of a SWCNT, several elementary reactions on the catalyst surface---carbon source decomposition, the elimination of carbon atoms by etching agents, carbon atom diffusion on the catalyst surface, and the incorporation of carbon atoms from the catalyst surface into the wall of the SWCNT---are involved in all the three key stages of SWCNT growth: Graphitic cap nucleation, tube wall elongation, and growth termination. It is broadly recognized that the nucleation of SWCNT on a catalyst surface controls the chirality of the SWCNT ([@R28], [@R29]). Previous theoretical analysis and experimental studies have shown that the chirality control during SWCNT nucleation can be achieved using designed solid catalysts to template the nucleation of the SWCNTs, and many solid catalysts with high melting points were designed to grow SWCNTs with specific chiralities ([@R9], [@R11]). In this study, we focus the kinetics of tube wall elongation and growth termination and their effects on the SWCNT chirality selection. Depending on the state of the catalyst, SWCNT growth may follow either vapor-solid-solid (VSS) or vapor-liquid-solid (VLS) mechanisms. During the SWCNT VLS growth, the shape of a liquid catalyst may fluctuate quickly and, therefore, is hard to be modeled. In contrast, during the elongation process of a SWCNT in VSS growth, the shape of the catalyst is quite stable, and the carbon concentration evolution on the catalyst surface can be well addressed. On the surface of a solid catalyst particle, the variation of the carbon atoms can be written as$$A \times \mathit{dc}/\mathit{dt} = (\alpha \times A \times P)–(\beta \times A \times c)–(\gamma \times c \times N_{\text{ACT}})$$where α and γ are constants, *A* is the active surface area of catalyst that is accessible to the feedstock molecules during the SWCNT growth, *c* is the concentration of carbon atoms on the catalyst surface, and *P* is the pressure of the feedstock gas. β depends on the concentration of the etching agent, and β = 0 if there is no etching agent in SWCNT growth. The first term on the right side of the equation represents the carbon atoms released by feedstock dissociation, which is proportional to the product of the active catalyst surface and the pressure of the carbon feedstock; the second term originates from the elimination of carbon atoms from the catalyst surface by the etching agents, which is proportional to the number of accessible carbon atoms on the catalyst surface, i.e., the product of the accessible area of the catalyst surface and the concentration of carbon atoms on the catalyst surface ([@R9], [@R11], [@R30], [@R31]); and the third term counts the consumption of carbon atoms during the SWCNT growth, where the rate of carbon attachment is proportional to the product of the number of active sites at the SWCNT-catalyst interface, *N*~ACT~, and *c*.

For the steady state of SWCNT growth (*dc*/*dt* = 0), the concentration of carbon atoms on the catalyst surface is$$c = \frac{\alpha P}{\beta + \gamma\frac{N_{\text{ACT}}}{A}}$$

In a situation where SWCNT growth occurs in an environment with sufficient etching agent, most carbon atoms released by the decomposition of the feedstock are removed by the etching agents or β \>\> $\gamma\frac{N_{\text{ACT}}}{A}$, and [Eq. 2](#E2){ref-type="disp-formula"} becomes$$c = \frac{\alpha}{\beta}P$$

This means that the concentration of carbon atoms on the catalyst surface, *c*, is independent of the specifications of the catalyst and the SWCNT. Under these circumstances, the SWCNT growth rate is$$\left. R \right.\sim\left. c \times \frac{N_{\text{ACT}}}{D_{T}} \right.\sim P \times \frac{N_{\text{ACT}}}{D_{T}}$$where *D*~T~ is the diameter of the SWCNT and $\frac{N_{\text{ACT}}}{D_{T}}$ is the concentration of active sites at the rim of the SWCNT. According to the screw dislocation theory, the active sites are the armchair-like sites for SWCNT VLS growth ([@R22]), but only kink sites are active in the SWCNT VSS growth ([@R23]). [Equation 4](#E4){ref-type="disp-formula"} shows that the conclusion of the screw dislocation theory ([@R22], [@R23]) is valid only if there is sufficient etching agent during the SWCNT growth, which ensures that most of the carbon atoms on the catalyst surface are etched away or the carbon flux of etching is substantially higher than that of growth, **F**~E~ \> \> **F**~G~ (fig. S1). Under such a circumstance, the concentration of carbon atoms on the catalyst surface, *c*, is independent of the SWCNT chiral angle, and the growth rate is proportional to the number of active sites, *N*~ACT~.

Experimentally, H~2~ ([@R9], [@R11], [@R30]), H~2~O ([@R31]), O~2~ ([@R30]), or CO~2~ ([@R32]) has been used as an etching agent, and each of them can efficiently remove carbon atoms from the catalyst surface and maintain a clean catalyst particle surface for SWCNT growth. In contrast, if there is no or limited etching agent, then the second term in [Eq. 1](#E1){ref-type="disp-formula"} will be dominating, and the carbon concentration on the catalyst surface during the SWCNT's steady-state growth becomes$$c = \frac{\alpha}{\gamma}\frac{\mathit{AP}}{N_{\text{ACT}}}$$which depends on the number of active sites of the SWCNT and the size of the catalyst particle. In this regime, the growth rate of a SWCNT is$$\left. R \right.\sim\left. c \times \frac{N_{\text{ACT}}}{D_{T}} \right.\sim\frac{\mathit{AP}}{D_{T}}$$

It shows that the growth rate of a SWCNT is proportional to the ratio of the accessible area of the catalyst surface to the tube diameter (*A*/*D*~T~) and the feedstock pressure (*P*) but independent of the number of active sites of at the interface between the SWCNT and the catalyst (*N*~ACT~).

[Equations 5](#E5){ref-type="disp-formula"} and [6](#E6){ref-type="disp-formula"} indicate another regime of SWCNT growth, where there is no sufficient etching agent and most of the carbon atoms from the carbon feedstock decomposition must either stay on the surface of the catalyst or be incorporated into the SWCNT wall, as schematically illustrated in [Fig. 1A](#F1){ref-type="fig"}. In such a regime, because of the lack of etching agent (**F**~E~ \< \< **F**~G~), the feedstock decomposition cannot be balanced by carbon etching. Consequently, the carbon concentration on the catalyst surface, *c*, is SWCNT structure dependent and is inversely proportional to *N*~ACT~ ([Fig. 1B](#F1){ref-type="fig"}). According to the VSS SWCNT growth model, the (2*n*, *n*) SWCNTs, which have a chiral angle of 19.1°, have the maximum density of active kink sites at the interface of the SWCNT and the catalyst. As a consequence, the carbon concentration on the catalyst surface is smallest if the chirality of the growing SWCNT is (2*n*, *n*).

![SWCNT growth mode without enough etching agents.\
(**A**) Growth model for SWCNT growth in the absence of sufficient etching agents. (**B**) In the growth regime, the SWCNT growth rate (*R*~T~), active sites for carbon incorporation (*N*~ACT~), and catalyst surface carbon concentration (*c*) plots against the tube chiral angle. (**C**) Carbon concentration as a function of the SWCNT chiral angle at different fluxes of carbon deposition. The threshold carbon concentration (*c*~th~) for catalyst encapsulation is indicated by the red line. (**D**) The chirality-selective growth of SWCNTs as a function of *c*~min~/*c*~th~, where the dark zone indicates the SWCNTs can survive under different carbon fluxes.](aav9668-F1){#F1}

As shown in the above model of SWCNT growth, the carbon concentration on the catalyst surface, which is determined by *N*~ACT~, should have an impact on the lifetime of an SWCNT's growth. It is widely known that the termination of SWCNT growth is mainly caused by the encapsulation of the catalyst particle by graphitic carbon ([@R33], [@R34]). Catalyst particle encapsulation requires the carbon concentration on the catalyst surface exceed a threshold value, *c*~th~. [Figure 1C](#F1){ref-type="fig"} plots the carbon concentration as a function of the SWCNT's chiral angle ([Eq. 5](#E5){ref-type="disp-formula"}) at different fluxes of carbon deposition (**F**~D~). It shows that a catalyst particle with a SWCNT of less active sites has a higher carbon concentration on its surface and, thus, the SWCNT growth might easily be terminated. With the increase in the flux of carbon deposition, **F**~D~, more and more growing SWCNTs with fewer active sits are deactivated, resulting in the survival of SWCNTs with a narrower chiral angle distribution around that of (2*n*, *n*) SWCNTs, 19.1°. Using the threshold concentration shown in [Fig. 1C](#F1){ref-type="fig"}, a diagram of SWCNT growth is deduced ([Fig. 1D](#F1){ref-type="fig"}). Obviously, the higher the carbon deposition flux, the narrower the chirality distribution of the surviving SWCNTs around (2*n*, *n*).

As shown in [Eq. 5](#E5){ref-type="disp-formula"}, carbon atom concentration on the catalyst surface is geometry (*A*) dependent. So, to achieve the selective growth of the (2*n*, *n*) SWCNTs using solid catalysts, the catalyst particles must have similar sizes and accessible surface area. Experimentally, catalyst size control is a critical step in chirality-selective growth of SWCNTs, and most of the previous experiments producing the chirality-selective SWCNTs are realized with uniformed catalyst sizes ([@R11]). So, when discussing chirality-selective SWCNT growth, the parameter regarding the geometrical shape of the catalyst particle is considered as a constant, and therefore, the *c* is only considered as a function of *P* and *N*~ACT~. As a result, it is reasonable to consider *c*~min~ as an experimental constant.

Experimental results
--------------------

The above model shows that only SWCNTs with more active sites can survive at a large carbon flux when there is no etching agent. On the basis of the analysis, a new mechanism for selective growth of (2*n*, *n*) SWCNTs is thus proposed by increasing the carbon flux and greatly decreasing the concentration of the etching agent. When the growing SWCNT has very few active sites, the concentration of carbon on the catalyst, *c*, is higher than *c*~th~, which will lead to the nucleation of a graphitic carbon around the catalyst particle and the termination of the SWCNT growth ([@R30], [@R31], [@R35]). Therefore, to avoid growth termination in such a regime and to study the SWCNT growth kinetics, a low-temperature CVD SWCNT growth using a low-pressure feedstock is required ([@R35]).

With the aim to investigate SWCNT growth kinetics in the feedstock-limited regime, in situ ETEM was first used to monitor the steady growth of SWCNTs at 700°C with CO as the carbon feedstock on an MgO support Co catalyst ([@R36]). Such a high-vacuum environment is almost free of etching agents because the generation of oxidation etchants, CO~2~ from CO disproportionation or O desorption from support, is greatly suppressed. Movie S1 shows the nucleation and growth of many SWCNTs in the field of observation. Every SWCNT contains a Co nanoparticle on its top end, a typical feature of tip growth. [Figure 2A](#F2){ref-type="fig"} shows one SWCNT (denoted as \#1) with a diameter of \~3.57 nm and a catalyst particle of \~4.14 nm. By following the elongation of the SWCNT ([Fig. 2B](#F2){ref-type="fig"}), it is indicated that the length of SWCNT increases linearly with time at a growth rate of 0.302 nm/s ([Fig. 2C](#F2){ref-type="fig"}).

![SWCNT growth rate.\
(**A**) Snapshot of a SWCNT (named \#1 in our samples) and its magnified image (inset) taken during its growth. (**B**) Six ETEM images (extracted from movie S1) of the tube taken at different times during growth. (**C**) SWCNT length plotted as a function of growth time shows a constant growth rate. (**D**) SWCNT growth rate plots as a function of active catalyst surface area--to--tube diameter ratio.](aav9668-F2){#F2}

DISCUSSION
==========

Linear growth behavior was also observed for another 15 SWCNTs, which are marked and shown in fig. S2. The growth rates, diameters of the SWCNTs and the catalyst particles, and the active catalyst areas (defined as the area of the catalyst surface exposed to the feedstock) of the 16 SWCNTs are listed in table S1. Figure S3 (A and B) shows that an SWCNT's growth rate, *R*, is independent on its diameter, *D*~T~, or the size of the catalyst particle, *D*~C~. In contrast, by plotting *R* against *A*/*D*~T~ according to [Eq. 6](#E6){ref-type="disp-formula"} ([Fig. 2D](#F2){ref-type="fig"}), a strong linear relationship between the growth rate and the active catalyst surface/tube diameter ratio is shown. The findings indicate that all the carbon atoms from decomposition, whose number is proportional to the active surface of the catalyst particle, become a part of the SWCNT whatever the number of active sites in the SWCNT-catalyst interface. In agreement with our proposed model, the growth behavior depends on the sizes of the SWCNT and the catalyst only. This is in sharp contrast to the screw dislocation model ([@R22], [@R23]), in which the growth rate is proportional to the number of active sites.

The absence of an etching agent leads to a high carbon concentration on the surface of a catalyst particle with an SWCNT having fewer active sites. To verify the model and achieve SWCNTs with a narrow chirality distribution, it is necessary to increase the carbon deposition flux while minimizing the amount of possible weak oxidation etchants. Consequently, Co nanoparticles deposited onto a quartz substrate were applied to synthesize SWCNTs under ambient pressure with different carbon fluxes. Figure S4 shows the scanning electron microscopy (SEM) of carbon nanotubes grown on Co catalysts using Ar-diluted CO as the carbon source. Raman spectra acquired on the three samples using two excitation lasers (514 and 633 nm) are depicted in [Fig. 3](#F3){ref-type="fig"}. On the basis of the Kataura plot, the chirality distributions of the SWCNTs grown with different CO fluxes are deduced and shown in fig. S5 and table S2.

![Raman spectra of carbon nanotubes grown on Co nanoparticles with different CO flow fluxes.\
(**A** and **B**) Thirty standard cubic centimeters per minute (sccm), (**C** and **D**) 40 sccm, and (**E** and **F**) 50 sccm. The excitation laser wavelengths are all labeled. a.u., arbitrary units.](aav9668-F3){#F3}

The growth results can be well explained by the proposed model in the regime of carbon feedstock-controlled growth. As can be seen from [Fig. 4](#F4){ref-type="fig"}, with the increase in CO flow rate, the selectivity to (2*n*, *n*) SWCNTs increases sharply from 33.4 to 82.3%. The best selectivity is achieved in the presence of the highest CO flow rate \[50 standard cubic centimeters per minute (sccm); [Fig. 4, A and B](#F4){ref-type="fig"}\]. In the growth regime, under a relatively low carbon flux (30 sccm), only SWCNTs with fewer active sites (near zigzag species) for carbon incorporation are deactivated by carbon encapsulation, resulting in the growth of SWCNTs with relatively wide chirality distribution ([Fig. 4D](#F4){ref-type="fig"}), although the most abundant species still are (2*n*, *n*) SWCNTs, such as (12, 6), (8, 4), and (16, 8). Gradually increasing the carbon flow rate narrows the chirality distribution by deactivating the growth of more SWCNTs with fewer kinks ([Fig. 4, B and C](#F4){ref-type="fig"}). In particular, with a 50-sccm CO flow, the carbon concentrations on most catalyst particle surfaces exceed *c*~th~, and mainly those Co particles growing (2*n*, *n*) SWCNTs maintain their activities, accounting for the high-selectivity growth of (2*n*, *n*) SWCNTs. Note that besides the SWCNT growth kinetics demonstrated in this work, the chirality distribution of grown SWCNTs may also be affected by the symmetry of the solid catalyst particle and the diameter distribution of the prepared catalysts ([@R37]). For example, SWCNTs with five- or sevenfold symmetry, such as the (14, 7) or (10, 5) ones, are rarely observed in the final products due to the lack of catalyst surface with this symmetry, and the abundance of the (*n*, *m*) other than (12, 6) could be different because of the strong correlation between the diameters of the catalyst particle and the SWCNT grown on it.

![SWCNT chirality selectivity as a function of CO flow rate.\
(**A**) Chiral angle distributions of SWCNTs grown on quartz-supported Co nanoparticles with different flow rates of CO at 650°C. Chirality map of SWCNTs grown with (**B**) 50 sccm CO, (**C**) 40 sccm CO, and (**D**) 30 sccm CO.](aav9668-F4){#F4}

For each catalyst, the SWCNT growth window is unique and generally not wide. No SWCNT growth was observed with low CO flow using quartz-supported Co nanoparticles. To observe the switching between two regimes of SWCNT growth as indicated by the theoretical model, the Co*~x~*Mg~1−*x*~O catalyst powder was dispersed onto a porous Si~3~N~4~ grid and loaded for ambient CVD growth with 1% CO, which was diluted by He. Typical SEM image and TEM image of as-prepared SWCNTs are respectively shown in [Fig. 5](#F5){ref-type="fig"} (A and B). On the basis of the nanobeam electron diffraction characterizations on 89 SWCNTs, the chiral angle distribution of the obtained SWCNTs was obtained. Near-armchair SWCNT species were obtained ([Fig. 5C](#F5){ref-type="fig"}), suggesting that SWCNT growth on such a catalyst follows the screw dislocation model in the growth regime. The generation of weak etching agents, arising from porous MgO desorption or CO disproportionation, is responsible for the growth of near-armchair species, following the screw dislocation model.

![Near-armchair SWCNT growth on Co*~x~*Mg~1−*x*~O catalyst.\
(**A**) SEM of SWCNTs grown on Co*~x~*Mg~1−*x*~O catalyst with 1% diluted CO at 700°C by ambient CVD. (**B**) TEM image of SWCNTs. (**C**) Chirality distribution of SWCNTs determined by nanobeam electron diffraction.](aav9668-F5){#F5}

This new mechanism is also applicable to the chirality-controlled growth of (2*n*, *n*) SWCNTs on Mo~2~C catalyst reported recently ([@R11]). Experimentally, the best selective growth of (2*n*, *n*) SWCNTs was achieved in the absence of any etching agent (e.g., H~2~ flow becomes zero) and with a high feedstock concentration. Table S3 presents the chirality distributions of SWCNTs synthesized with different ethanol-to-H~2~ (E:H) ratios in the feedstock. From fig. S6, we can see that (i) a high concentration of H~2~ in the gas phase (E:H, 100:200) results in a wide SWCNT chirality distribution; (ii) decreasing the H~2~ concentration leads to a narrower distribution of the SWCNTs around (2*n*, *n*) SWCNTs; and (iii) under the optimal growth conditions (E:H, 100:0), the low concentration of etching agents in the vapor phase leads to the highest selection of (12, 6) tubes up to 87.0%. The role of the etching agent in the selective growth of SWCNTs can be perfectly explained on the basis of the new mechanism. When the H~2~ concentration is very high, all the SWCNTs have the same probability of having their growth terminated, and therefore, the low chirality selectivity is dominated by the fast growth of (2*n*, *n*) SWCNTs. Gradually decreasing the H~2~ concentration leads to a change of growth regime and a fast increase in the carbon concentration on the catalyst surface for SWCNTs with few active sites. Consequently, when *c* exceeds *c*~th~, tube growth will be terminated, and eventually, only a few SWCNTs whose chiral angles are close to that of (2*n*, *n*), 19.1°, can survive under a high carbon flux.

Our theoretical analysis and in situ/ex situ experiments unambiguously prove that enough etching agent in the environment is a precondition of the screw dislocation theory for SWCNT growth and that when there is no etching agent, the growth rate of a SWCNT is structure independent. As revealed by the ETEM characterizations, the growth rate is proportional to the ratio of the exposed catalyst surface area to the tube diameter. This new understanding is a complement to the previous mechanism of SWCNT growth and offers a new degree of freedom to control SWCNT chirality by experimental design. The agreement between the new mechanism of SWCNT's chirality selectivity and the experimental results clarifies the mystery of SWCNT chirality-selective growth achieved without sufficient etching agent. Together with other strategies of chirality selectivity in SWCNT growth, such as seeded growth, epitaxial growth, and catalyst size control, the large-scale production of SWCNTs with any defined chirality might be achieved soon.

MATERIALS AND METHODS
=====================

Preparation and characterizations of the Co*~x~*Mg~1−*x*~O catalyst
-------------------------------------------------------------------

The catalyst was prepared by atomic layer deposition (ALD) ([@R5], [@R38]). A porous MgO support obtained from the thermal decomposition of magnesium carbonate hydroxide hydrate was loaded into an F120 ALD reactor. After annealing in N~2~ at 400°C for 5 hours, cobalt(III) acetylacetonate (98%; Sigma-Aldrich) evaporated at 190°C passed through the MgO bed and the precursor deposition lasted 6 hours. Last, the catalyst was flushed with N~2~ and annealed in air at 450°C for another 4 hours. All the processes were kept at a low pressure (60 to 100 mbar) ([@R36], [@R39]).

In situ ETEM studies of SWCNT growth on the Co*~x~*Mg~1−*x*~O catalyst
----------------------------------------------------------------------

In situ CO CVD was performed on an aberration-corrected FEI Titan 80-300FEG ETEM operated at 300 kV ([@R6], [@R35], [@R36]). The Co*~x~*Mg~1−*x*~O catalyst ([@R36]) was collected on a bare Au grid and mounted in a tantalum double-tilt heating holder. After insertion into the TEM chamber and heating to 700°C in Ar, CO was introduced to maintain a pressure of 9.5 mbar. After stabilization, the formation of Co nanoparticles and the growth of carbon nanotubes were monitored.

Growth and characterizations of SWCNTs grown on the Co*~x~*Mg~1−*x*~O catalyst
------------------------------------------------------------------------------

The Co*~x~*Mg~1−*x*~O catalyst powder was dispersed onto an Si~3~N~4~ TEM grid (DuraSIN mesh) and loaded into a horizontal CVD reactor (quartz tube inner diameter, 40 mm). After being heated to 700°C in He flow, diluted CO in He (5 sccm CO + 495 sccm He) was switched in, and the growth lasted 1 hour. After cooling down, as-prepared SWCNTs were characterized by SEM (JSM-7500F, JEOL) and TEM (2200FS, JEOL) operated at 80 kV. The electron diffraction patterns of individual SWCNTs were acquired with the same TEM, and the chiral angle was assigned on the basis of a calibration-free method ([@R40], [@R41]).

Growth and characterizations of SWCNTs on quartz-supported Co catalyst by ambient pressure CO CVD
-------------------------------------------------------------------------------------------------

To realize the SWCNT horizontal array on quartz at 650°C, the precursors, CoSO~4~/ethanol solution (0.1 mM/liter), were predispersed on quartz substrate and annealing in air at 400°C for 5 hours. The substrate with Co precursors was then loaded into the tube furnace and flushed with 300 sccm Ar. When the temperature reached 650°C, 100 sccm H~2~ was introduced to reduce the catalysts for 10 min. After reducing, CO with different flow fluxes, 30, 40, and 50 sccm, was introduced to replace H~2~ and grow carbon nanotubes for 15 min. The as-produced SWCNTs were transferred onto SiO~2~ substrates for Raman characterizations with two laser wavelengths: 514 and 633 nm. The abundance of SWCNTs with different chiralities was determined from the numbers of acquired radial breathing modes.

Characterization of SWCNT growth on Mo~2~C catalyst by Raman spectroscopy
-------------------------------------------------------------------------

Preferential synthesis of (12, 6) nanotubes was achieved on sapphire substrate with Mo~2~C as the catalyst. The detailed procedure has been reported elsewhere ([@R11]). Briefly, after the reduction of MoO~3~ catalyst, the catalyst was heated to 850°C in Ar. A flux of 100 sccm Ar passing through an ethanol bubbler mixed with H~2~ was then introduced into the CVD reactor for growing SWCNTs. The respective H~2~ flow rate was set to be 0, 10, 50, 100, and 200 sccm for five experimental runs. The growth run lasted 15 min. Raman spectroscopy (HORIBA HR800 equipped with four lasers of different wavelengths: 488, 514, 633, and 785 nm) was performed to estimate the chirality distribution of SWCNTs transferred onto SiO~2~ substrates.
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Fig. S1. Model of SWCNT growth following a screw dislocation theory.

Fig. S2. Investigated SWCNTs (marked with arrows) and calculated growth rates.

Fig. S3. SWCNT growth rate plots against tube diameter and catalyst size.

Fig. S4. SEM images of carbon nanotubes grown on quartz-supported Co catalyst.

Fig. S5. Chirality distribution histograms of SWCNTs grown on Co particles with different CO fluxes.

Fig. S6. Chirality evolution and distribution of SWCNTs grown on Mo~2~C.

Table S1. Growth rates and corresponding parameters of SWCNTs and catalysts for 16 different SWCNTs.

Table S2. (*n*, *m*) populations of SWCNTs grown on Co catalyst using different flow rates of CO.

Table S3. Chirality distribution of SWCNTs grown on Mo~2~C using different ratios of ethanol and H~2~.

Movie S1. In situ observation of SWCNT growth.
